Introduction
According to the 2012 World Health Organization estimates 1 , about one-third of persons above 65 years are affected by disabling hearing loss. Current reviews (see, e.g. Fortunato et al. 2 ) highlight that hearing loss can affect cognitive performance by reducing and worsening communication skills, thus leading to diminished social interactions and depression. On the other hand, the same studies revealed that impaired cognitive performance may exacerbate the detrimental effects of hearing loss on the quality of life. It is clear that hearing loss and cognitive abilities are somewhat linked and influence each other. In this context, as hearing aids (HA) help in providing better auditory inputs in the hearing impaired, it is important to gain more insights both on the possible role of HAs in lowering cognitive decline and, vice versa, on the effects that cognitive abilities have on the benefits that a hearing impaired subject could gain by using the HA. This study addressed the latter of the two topics, that is, how cognitive skills could influence the benefit achievable with an HA. In fact, evidence suggests that hearing benefit with HA use is influenced by many factors, including cognitive skills [3] [4] [5] [6] [7] [8] . As cognitive abilities naturally tend to decrease with age 9 , the assessment of the real HA benefit in the elderly is a crucial research topic [10] [11] [12] . Although there is evidence that HA use in the elderly is beneficial in diminishing hearing handicap and improving the quality of life, hearing performance in aided conditions was found to differ widely across elderly HA users. In most studies, HA benefit was investigated using either clinical audiometric outcomes or self-assessed outcomes. Only a few studies 4 7 8 have investigated HA benefit using a 'multi-parametric' experimental protocol that considered the main factors that may have a role in HA benefit, i.e., including both audiometric and selfassessed outcomes, age, cognitive skills and hearing impairment. These latter studies have provided valuable insights on the factors correlated with HA benefit in the elderly, However, the data remains limited and due to the vast nature of the research topic the evidence is not conclusive and needs to be further explored. Moreover, these studies implemented experimental protocols that are difficult to be replicated in typical clinical settings and clinical routines as they used batteries of tests suitable for a research laboratory (requiring, e.g., demanding tests of long duration). Last but not least, all of them but Meister et al. 7 also included subjects younger than 65 years and thus their results cannot be strictly associated with the aged population, which is the focus of our work. The aim of the present study is to further extend the current knowledge of HA benefit in the elderly by using: (1) an easy to be used and replicated multi-parametric clinical protocol that simultaneously assessed all the main factors potentially contributing to the benefit, i.e., audiometric and self-assessed outcomes, age, cognitive skills and hearing impairment; (2) an ample (> 100 subjects) sample of elderly HA users (greater than 65 years); (3) advanced statistical analysis based on multivariate analysis, correlation analysis and regression analysis to discover possible factors between the measured variables and investigate which variables most influence the benefit obtained in using the HA, and how they were correlated each other; (4) last but not least, different from previous studies, the current study evaluated self-assessed outcomes addressing both of the two domains of auditory dysfunction, i.e., the disability (e.g., the quality of communication) and handicap domains (e.g., emotional problems due to hearing impairment).
Materials and methods

Recruiting criteria
Experienced HA users after at least one year from the first fitting, aged ≥ 65 years, with mono-or bilateral-amplification were recruited. Eligible participants were identified from the HA registry of the Local Unit of the National Health System which provided total or partial coverage of the HA costs. The presence of other diseases or health conditions were not considered factors for exclusion. The local Institutional Review Board approved all procedures; all participating subjects provided written consent.
Experimental protocol
The protocol included a battery of audiometric tests and questionnaires that can be easily used and adopted in clinical routine and aimed at evaluating audiometric outcomes, self-assessed outcomes and cognitive skills. The tests were conducted at the outpatient service of the ENT Department of the Hospital "Saliceto". Audiometric outcomes were assessed in sound-field and aided conditions through the measurement of thresholds to warble tones in the 250-4,000 Hz range and speech reception threshold (SRT) in quiet and in noise (SRTnoise) in a soundproof room. For SRT in quiet, speech stimuli (60 disyllabic words) 13 were pre-recorded and delivered by a loudspeaker at 65 dB SPL at zero degrees azimuth in the sound field. The speech reception threshold, defined as the level of speech corresponding to 50% of correct answers, was then determined. SRT-noise was performed through the Italian matrix sentence test 14 15 . The test was administered using the S0N0 presentation setup (speech and noise from the same frontal loudspeaker). SRT in noise was defined as the signal-tonoise (S/N) ratio at which the subject scored correctly 50% of words. The background noise was presented at 65 dB SPL, whereas the speech level was adaptively adjusted depending on the subjects' response to obtain the S/N ratio at which the percent word score was 50%. Two lists of 30 sentences, having a fixed syntactic structure, were generated by picking up items from a 105-word base matrix 14 . Before testing, a training list was applied. The test was conducted using a closed-set response format. . IOI-HA and APHAB address mostly the disability (e.g., the quality of communication) domain of auditory dysfunction, whereas HHIE-S mainly addresses the handicap domain (e.g., emotional problems due to hearing impairment). IOI-HA evaluates the perceived effectiveness of HA treatment and targets seven different outcome domains, ranging from the perceived benefit with HA to the residual activity limitations. A high score is an indication of a good outcome in aided conditions. HHIE-S assesses the perceived situational difficulties due to hearing impairment in the elderly people and explores the social/situational impact and the emotional consequences of hearing impairment. A low HHIE-S score is indication of less perceived difficulties. APHAB assesses the difficulty in speech understanding in several typical workday situations. The lower the score, the better the performance. Participating subjects were asked to score IOI-HA and HHIE-S questionnaires regarding the difficulties they perceived in the aided condition. Instead, for APHAB, participants were asked to score the questionnaire items both in the unaided and aided conditions; a measure of the benefit was calculated by subtracting APHAB scores in the aided from those in the unaided condition. Cognitive skills were assessed with the MOCA test 19 , which is a screening tool for mild cognitive impairment consisting of 12 subtasks assessing different cognitive skills, including short-term and delayed verbal memory, executive functions, and attention. The total MOCA score ranges from 0 (worst performance) to 30 (best performance). Finally, hearing impairment was assessed for the right and left ears with pure tone audiograms at the audiometric frequencies 125-8,000 Hz in a sound-proof room with a Madsen Astera audiometer and TDH39 supraaural earphones.
Data analysis
Following Cox et al. 20 , IOI-HA scores were obtained separately for subjects with mild-moderate and severeprofound hearing impairment. Scores for the two groups were then compared to the normative data from bilaterally fitted adults 20 . Differences in group means between our subjects and the normative group were tested by t-test with significance level p < 0.01; differences were tested both assuming unequal variances (by using the WelchSatterthwaite procedure) and equal variances (using the pooled standard deviation procedure) between the groups.
As to HHIE-S analysis, the distribution of the scores in the aided condition was obtained as a function of the hearing impairment for the three HHIE handicap categories defined in Lichtenstein et al. 21 , i.e., "no handicap" (HHIE-S: 0-8), "mild handicap" (HHIE-S: 10-22), and "significant handicap" (HHIE-S: 24-40). As to APHAB analysis, scores in unaided condition were compared to those in the aided one for each questionnaire subscale; Wilcoxon paired t-test was used to compare differences in group means between the unaided and aided conditions (significance level p < 0.01, two tails). Following Santangelo et al. 22 , the raw total scores of the MOCA test were adjusted to be compared to the Italian norm obtained from a sample population with no current or past history of neurologic or psychiatric diseases and aged 21-95 years. The score adjustment was computed as follows 22 :
where raw MOCAscore is the total MOCA score calculated as the sum of the scores obtained at the 12 tasks of the test, age is the subject age in years and years_educa-tion are the number of years spent at school/university. The adjusted MOCA scores were then mapped to a five-point interval scale ranging from 0 to 4 Equivalent Scores (ES), as defined in Santangelo et al. 22 . In this new scale, ES = 0 is for adjusted scores ≤ 5% the outer tolerance limit (which is set as the threshold for an abnormal performance and is suggestive for a cognitive decline), whereas ES = 4 is for scores higher than the median values of the normative sample. ES from 1 to 3 are for intermediate scores between the threshold for pathology (ES = 0) and the median value (ES = 4).
Statistical analysis
Statistical analysis was divided in two sequential steps.
Step #1 was aimed at investigating how hearing impairment, cognitive skills, patient age and HA use influenced the audiometric outcomes in aided condition.
Step #2 was aimed at understanding how self-assessed outcomes were related and might be predicted by the audiometric outcomes measured in aided condition, hearing impairment, cognitive skills, patient age and HA use. Both investigations applied multivariate exploratory factor analysis to reduce the number of variables and identify possible latent factors, followed by Spearman correlation to analyse the relations between the variables and the factors, and finally regression analysis to investigate how factors and variables relate to each other and how they predict outcomes. Statistical analysis was implemented with the IBM SPSS Statistics (ver. 24) software. Factor analysis was implemented with the principal component method to extract factors with an eigenvalue larger than 1.0; factor scores were calculated with the regression method. Factor analysis was considered appropriated when the Kaiser-Meyer-Olkin measure (KMO) was greater than 0.60 and the Bartlett's was significant at p < 0.001. Correlation analysis was performed at a significant level p < 0.10 (two tails). Finally, stepwise linear regression analysis with forward selection and entry criterion p < 0.10 was performed.
Results
The recruited participants were 102 elderly hearingimpaired HA users (mean age 81.1 years (SD 6.9); age range 68-97 years; 57 females, 45 males) diagnosed with sensorineural hearing loss. Figure 1 displays mean audiograms for the right and left ears: subjects had a typical age-related hearing loss configuration. The degree of hearing impairment was then calculated as the four frequency average hearing loss (4FAHL) of the better ear at 500, 1,000, 2,000 and 4,000 Hz. More than half of subjects (52%) had severe hearing impairment (4FAHL: 61-80 dB HL), 42% moderate hearing impairment (41-60 dB HL) and 6% profound impairment (> 80 dB HL). The average duration of HA use for the entire group was 11.0 h/day (SD 4.2); 95% of subjects used the HA for at least 4 h/day and 23% for at least 8 h/ day. As for cognitive skills, 94 of 102 subjects had an ES greater than 1, corresponding to cognitive abilities above the threshold for pathology; 48 of these 94 subjects were in the ES class 4, meaning that their MOCA scores were higher than the median values of the normative sample. The remaining 8 subjects out of 102 are classified in the ES class 0, indicating that their scores were lower than the threshold for pathology. Figure 2 shows the mean aided thresholds in sound-field conditions: the aided threshold was within the long-term average speech spectrum level at 65 dB SPL. The distribution of the aided SRT in quiet is reported in Figure 3 : for nearly half of subjects (40%) SRT was within 50 dB; 31% of subjects had an SRT in the 51-60 dB range, 14% in the 61-70 dB range and 15% greater than 70 dB. As to the reception of speech in noise in aided condition, Figure 4 shows the distribution of S/N ratio corresponding to a word score of 50%. Negative values of S/N denote better performance: in fact, this means that the patient reached 50% of correct word recognition when noise was louder than speech. For all subjects, the S/N ratio was positive. In particular, in more than half of subjects (62 of 102) the S/N ratio was within + 10 dB, whereas in the remaining 40 subjects (39.21%) the S/N ratio was greater than + 10 dB. Table I displays group scores for the seven IOI-HA items for subjects with mild-moderate and severe-profound hearing impairment and the score differences with the IOI-HA normative data by Cox et al. 20 . Our group with mild-moderate hearing impairment had mean scores significantly better than the norm (p < 0.01, assuming both unequal and equal variances in our group and the norm) for all IOI-HA items; the severe-profound hearing impairment group had mean scores better than the norm (p < 0.01, assuming both unequal and equal variances in our group and the norm) for items #5 ("residual participation restriction") and #6 ("impact on others") and equal to the norm for all the remaining items. The average HHIE-S score for the entire sample was 13.69 (SD 11.41), indicating a perceived residual handicap of mild degree (HHIE-S: 10-22). As seen in Table II , most subjects (76 of 102) reported a mild or non-sig- nificant handicap in the aided condition, whereas a few subjects (26 of 102) still reported a significant handicap. In particular, 38 of 43 subjects with moderate hearing impairment reported mild or non-significant residual handicap in the aided condition. Those with a severe impairment scored almost equally in all the three HHIE-S handicap categories and, finally, half of the subjects with a profound impairment reported a mild or non-significant handicap in the aided condition. On average, the APHAB global score decreased from 82.16 (SD 12.53) in the unaided condition to 37.52 (SD 21.38) in the aided condition, indicating very good improvement following HA amplification. Figure 5 shows the scores of the APHAB subscales in aided and unaided conditions. For EC, RV and BN subscales, scores obtained in the aided condition were lower than in the unaided condition, meaning that the subjects perceived less problems in the aided condition compared to the unaided one; for AV subscale, the scores in the aided condition were slightly higher than in the unaided condition. For all subscales, Wilcoxon paired t-test on mean indicated that the difference in the mean scores between the unaided and aided conditions was significant (two-tails, p < 0.001).
Aided audiometric outcomes
Self-assessed outcomes
Step #1 of statistical analysis: study of variables affecting aided audiometric outcomes As described in the Methods, step #1 aimed at assessing, through multivariate factor analysis and correlation and regression analysis, how the aided audiometric outcomes were influenced by hearing impairment (4FAHL), cognitive skills (MOCA scores), patient age and HA use. We used the following audiometric outcomes variables: the average aided threshold at 500, 1,000, 2,000 and 4,000 Hz in sound-field, SRT and SRT-noise. First, multivariate factor analysis was applied to discover potential latent factors among the audiometric outcome variables. It resulted in a one factor solution, with an eigenvalue > 1, which explained 74% of variance. The three audiometric outcome variables load almost equally on the single factor solution (Table III) . The correlation analysis revealed that the audiometric outcomes were significantly correlated to hearing impairment (r = 0.400, p < 0.01, two tails), patient age (r = 0.367, p < 0.01, two tails) and cognitive skills (r = -0.182, p < 0.1, two tails), meaning that better audiometric outcomes were associated with lower age, lower hearing impairment and higher MOCA scores. HA use was not associated with any of the variables considered. Regression analysis was then performed between audiometric outcomes and hearing impairment, cognitive skills, patient age and HA use considered as the independent variables. A forward selection with entry criterion p < 0.10 was implemented. The analysis confirmed that HA use did not contribute to the overall regression model (p = 0.23), whereas the remaining independent variables significantly predicted audiometric outcomes (R 2 = 0.418, adjusted R 2 = 0.400, F (3.98) = 23.461, p < 0.001). As summarised in Table IV , all predictor variables were highly significant (p < 0.05). Table IV also displays for each predictor, the value of the corresponding coefficient (standardised version) in the regression model, which is a measure of how much each predictor variable contributes to the regression model. It is seen that hearing impairment gave the greatest contribution to the audiometric outcomes (0.497), followed by the sub- ject's age (0.334). Cognitive skills contributed to a less degree (-0.193), nearly half of the contribution of hearing impairment. The regression model of Table IV shows that better cognitive skills (higher MOCA scores), lower hearing impairment and lower age contributed to better audiometric outcomes.
Step #2 of statistical analysis: study of variables affecting self-assessed outcomes Investigation #2 aimed at understanding how self-assessed outcomes were related and might be predicted by the audiometric outcomes in aided condition, hearing impairment, cognitive skills, patient age and HA use. As selfassessed outcomes variables we used APHAB, HHIE, and IOI-HA scores. First, a multivariate factor analysis was performed to discover potential latent factors among the self-assessed outcome variables. It resulted in a one factor solution with an eigenvalue > 1 that explained 80% of variance; as seen in Table III , APHAB, HHIE and IOI-HA load almost equally on the factor solution. The correlation analysis revealed that self-assessed outcomes were significantly correlated to audiometric outcomes (r = 0.283, p < 0.01, two tails), hearing impairment (r = 0.326, p < 0.01, two tails) and patient age (r = 0.175, p < 0.1, two tails).
Regression analysis was then performed between selfassessed outcomes and audiometric outcomes, hearing impairment, cognitive skills, patient age and HA use considered as independent variables. A forward selection with entry criterion was implemented and revealed that cognitive skills (p = 0.521), HA use (p = 0.690) and patient age (p = 0.180) did not directly contribute to the overall regression model, whereas the remaining independent variables -audiometric outcomes and hearing impairment -significantly predicted self-assessed outcomes (R 2 = 0.131, adjusted R 2 = 0.113, F(2,97) = 7.308, p < 0.01). As summarised in Table V , audiometric outcomes and hearing impairment gave almost the same contribution to the self-assessed outcomes (standardised coefficient 0.211 for the audiometric outcomes and 0.205 for hearing impairment); the significance level was p < 0.10. Cognitive skills and subject's age contributed only indirectly to self-assessed outcomes through their correlation with audiometric outcomes (see Table IV ).
Discussion
The sample population was large enough to give a reliable picture of the benefit from HA use in the elderly. Most subjects consistently use HAs during the day for at least 8 hours. Differently from similar studies, see e.g. Solheim et al. 23 , the duration of HA use was not associated with the degree of hearing impairment. It is, however, to note that the average hearing impairment in our sample population was greater than that observed in the study cited above because subjects participating in the study were recruited among those eligible for HA provision by the Italian National Health System, which does not cover HA costs if hearing impairment is of a slight degree. This might have biased our results towards the higher range of hearing impairment for which it is expected to have a higher duration of HA use. Consistently with Solheim et al. 23 , no significant relation was observed between HA use and subject's age.
Audiometric outcomes in aided conditions
Amplified thresholds in sound-field were on average well within the levels of the average speech spectrum at 65 dB SPL. Aided speech reception in quiet (SRT) was for nearly half of the subjects within 50 dB. For more than half of the subjects (61%), SRT-noise was within + 10 dB S/N: this result is in line with similar findings in adults and older adults fitted with HAs 24 .
Self-assessed outcomes
This study supports the substantial improvement in selfassessed outcomes of aged HA users as reported in previous works 10 11 . For IOI-HA, scores were equal or even greater than those observed in the norm population 20 , indicating that the level of satisfaction with HA of the participating subjects was in line or even better than that expected in the average population of HA users 7 24 . As revealed by HHIE-S, most subjects reported to have a mild or non-significant residual hearing handicap in the aided condition. HHIE-S scores in our population were close to the typical findings from HHIE assessment in HA users with similar age and degree of hearing impairment 26 . One study 27 reported slightly better outcomes; however, subjects involved in that study were slightly younger than ours and with a lower degree of hearing impairment. The analysis of APHAB scores revealed that the percentage of problems perceived by the subjects diminished in the aided condition compared to the unaided one. This improvement was perceived in all APHAB scales, except the "aversiveness to loudness" of environmental sounds, where scores measured in the aided condition were slightly higher than in the unaided condition, which would suggest worsening in the aided condition. Although significant from a statistical point of view, the score difference in this subscale was very marginal and of no clinical interest. Our results confirmed previous findings reporting a significant reduction in the perceived communication difficulties in the aided elderly population as measured with APHAB (see e.g. McArdle et al. 27 ).
Factors affecting aided audiometric and self-assessed outcomes
As a general remark, our results support a significant association between auditory outcomes, hearing impairment and cognition. The impact of cognition might be interpreted as if subjects performing better in cognitive tasks were able to gain better benefit in HA use 28 . A number of studies reported a direct contribution of cognition and/or hearing impairment on audiometric outcomes in HA users 5 6 8 . In other studies, an indirect 7 or no association 4 between aided audiometric outcomes and cognition was observed. It is to note, however, that the results on the predictive value of cognitive tests on aided speech recognition have to be interpreted with caution because, as discussed by Foo et al. 29 , the predictive value of a cognitive test depends on the type of the test and the settings of the HA. Differently from previous findings (see e.g. Lunner 5 , Lunner and Sundewall-Thorén 6 , Meister et al. 7 , Rönn-berg et al. 8 , Moore et al. 9 ), no significant correlation was found between age and cognitive skills neither between age and the degree of hearing impairment. It is, however, to note that the age of the population analysed was narrowly distributed: this could have diminished the chance to observe significant variations in cognitive abilities and hearing impairment degree among the subjects. The analysis also revealed that hearing impairment and audiometric outcomes were significant contributors to self-assessed outcomes, whereas cognitive skills and age contributed to self-assessed outcomes only indirectly, i.e., through their relationship with audiometric outcomes. These findings correlate well with LopezPoveda 4 and further support the role of aided audiometric outcomes on self-assessed outcomes (i.e., on the perceived benefit of hearing ability).
Conclusions
The current study provides a "snapshot" on the performance of HA use in a sample population of elderly experienced HA users by measuring both audiometric and self-assessed outcomes. A significant association was observed between hearing impairment and cognitive skills with aided audiometric outcomes, showing that subjects with a lower degree of hearing impairment gained better audiometric outcomes with HA; cognitive skills significantly correlated with audiometric outcomes, but to a lesser extent than hearing impairment. Furthermore, it was also found that self-assessed outcomes were significantly correlated with aided audiometric outcomes and hearing impairment, as subjects with better audiometric outcomes and lower hearing impairment perceived reported higher self-assessed outcomes in using their HAs. Cognitive skills were found to be only indirectly associated with self-assessed outcomes through their direct correlation with aided audiometric outcomes. This study did not investigate the role played by HA use on preserving long-term health outcomes such as cognitive function: this objective was out of the scope of the present work and would require a different study design involving longitudinal outcome measurements. A number of studies are currently in progress on this topic and also on new HA devices and innovative way to assess PTA (see, e.g. Dawes et al. 12 30 , Berrettini et al. 31 ; Aimoni et al. 32 ). Determining the direction of association between cognition and HA benefit still remains an open question, that is whether better cognition causes better HA benefit, or vice versa whether better HA benefit causes better cognitive abilities in a longitudinal perspective.
